1. Introduction {#s0005}
===============

Collagen VI is an extracellular matrix protein which forms a distinct microfibrillar network in most connective tissues. It was long considered to consist of three genetically distinct α-chains (α1, α2 and α3), secreted into the extracellular matrix where they form an extended microfilamentous network ([@bb0030; @bb0125]). The collagen VI α1, α2 and α3 chains form heterotrimeric monomers that are assembled intracellularly to dimers and tetramers. After secretion, filaments are formed by end to end interactions of the pre-assembled tetramers, forming characteristic beaded filaments ([@bb0010]) as visualized by the rotary shadowing electron microscopy technique ([@bb0215; @bb0175]).

Collagen VI has a critical role in maintaining skeletal muscle functional integrity; in fact, mutations in the COL6A1, COL6A2, and COL6A3 genes cause a group of inherited muscular dystrophies, namely Ullrich congenital muscular dystrophy (UCMD) ([@bb0015]), Bethlem myopathy (BM) ([@bb0115; @bb0130; @bb0090]), and Myosclerosis myopathy ([@bb0145]). Col6a1^−/−^ mice show a complete absence of collagen VI chains ([@bb0005; @bb0065]) and display a myopathic phenotype associated with an impairment of the autophagy flux that determines the presence of dilated sarcoplasmic reticulum and abnormal mitochondria: these present a latent dysfunction, that causes an increased apoptosis of muscle fibers ([@bb0105; @bb0085]). Moreover, zebrafish models of the human collagen VI myopathies develop myopathy and display mitochondrial ultrastructural changes along with an increased rate of spontaneous apoptosis ([@bb0195]).

Collagen VI is also thought to be implicated in tissue remodelling and wound healing, as variations in collagen VI expression have been reported in many pathological conditions, like muscle and liver fibrosis ([@bb0060]). Fibrosis is the most conspicuous pathological change in dystrophic muscles; it is characterized by excessive accumulation of collagens and other ECM components, including collagen VI ([@bb0240]) and is regulated by mechanisms involving cell--cell and cell--matrix interactions, as well as by factors secreted into the ECM. TGF-β1 is one of the most potent regulators of tissue wound healing and fibrosis ([@bb0035]). It is highly expressed in regenerating muscle after injury and in dystrophic muscles, including Duchenne muscular dystrophy patients and mdx mice ([@bb0245]), carrying mutations in the dystrophin gene, and in MDC1A, caused by mutations in LAMA2 gene ([@bb0235]).

Recently, three novel collagen VI chains, α4, α5 and α6 were identified ([@bb0055; @bb0065]). The new chains structurally resemble the collagen VI α3 chain, each of them consisting of seven VWA domains followed by a collagenous domain, two or three C-terminal VWA domains and chain specific domains. In mouse the novel chains show a differential and restricted expression ([@bb0070]). Since Col6a1 null mice do not deposit the new collagen VI chains in the extracellular matrix, it was proposed that their assembly and secretion requires the presence of the α1 chain and that the new chains may substitute for the α3 chain, probably forming (α1 α2 and α4), (α1 α2 and α5) or (α1 α2 and α6) heterotrimers ([@bb0065; @bb0070]). Due to a large scale pericentric inversion, the human COL6A4 gene on chromosome 3 is broken into two pieces and has become a non-processed pseudogene ([@bb0220]). In humans, COL6A5 mRNA expression is restricted to a few tissues, including lung, testis, and colon. In contrast, the COL6A6 mRNA was found in a wide range of fetal and adult tissues, including lung, kidney, liver, spleen, thymus, heart, skeletal muscle, pancreas, testis and uterus ([@bb0055]). Collagen VI α5 chain protein expression in humans was so far studied only in skin, where it was found in a narrow zone just below the dermal epidermal basement membrane and around blood vessels ([@bb0180]). It was earlier reported that the α5 chain is present in the epidermis ([@bb0190]), but this observation has been challenged ([@bb0180]). Collagen VI α6 protein expression in humans was found in kidney, skeletal and cardiac muscle, lung, blood vessels, pancreas, spleen and cartilage ([@bb0055]). However, collagen VI dependent disease is mainly manifested in muscle and the precise localization of the novel chains has not been comprehensively studied in this tissue yet. The discovery of two additional collagen VI chains in humans adds a layer of complexity to collagen VI function in the extracellular matrix ([@bb0055; @bb0065]).

To provide insight into the expression and function of the α5 and α6 collagen VI chains in human skeletal muscle, we studied these proteins and the corresponding mRNAs in normal muscle tissue and cell cultures, and in Duchenne Muscular Dystrophy (DMD) muscle with marked fibrosis, arisen independently from any mutation in the collagen VI genes.

2. Results {#s0010}
==========

2.1. Immunofluorescence analysis of the collagen VI α6 chain in normal skeletal muscle {#s0020}
--------------------------------------------------------------------------------------

To assess the tissue distribution of the α6 chain in human skeletal muscle, frozen sections of tibialis anterior and soleus, obtained from normal subjects were stained with an antibody against the α6 chain. The α6 chain localized both in the perimysium and endomysium, with a less homogeneous pattern in the endomysium as compared to labeling obtained for the homologous α3 chain ([Fig. 1](#f0005){ref-type="fig"}a). Double labeling with anti-α3 and α6 chains antibodies revealed a partial co-localization ([Fig. 1](#f0005){ref-type="fig"}b), thus to better characterize the differential distribution of α3 and α6 chain, we performed double labeling reactions with an antibody against the laminin γ1 chain, a marker of the basement membrane of myofibers and blood vessels, and with an antibody against collagen III, a component of the fibrillar matrix. The α6 chain appeared mainly interstitial, in fact it was absent from the basement membranes of both muscle and vessels, while it co-localized with collagen III ([Fig. 1](#f0005){ref-type="fig"}b). In contrast, the α3 chain was detected at the basement membrane of myofibers and blood vessels, as it co-localized with the laminin γ1 chain ([Fig. 1](#f0005){ref-type="fig"}b).

2.2. The collagen VI α5 chain is selectively localized at the basement membrane of myotendinous junctions {#s0025}
---------------------------------------------------------------------------------------------------------

By immunofluorescence analysis, the α5 chain was not detected in the endoysium and perimysium of tibialis anterior ([Fig. 2](#f0010){ref-type="fig"}), however, when we analyzed a sample derived from the soleus muscle taken at the insertion to the Achille\'s tendon, we found a selective expression of the α5 chain at the myotendinous junctions (MTJ) where it co-localized with the laminin α2 chain, a marker for the basement membrane of muscle fibers. The labeling pattern obtained with pFAK antibodies, which are selectively expressed at the MTJ, mirrored on the cytoplasmic side the α5 chain signal on the extracellular side at the MTJ level ([Fig. 2](#f0010){ref-type="fig"}). The α5 chain was absent in the extra-junctional myofiber basement membrane and within the tendon ([Fig. 2](#f0010){ref-type="fig"}). The α6 chain was also detected at the myotendinous junctions, though not as a specific localization but as a continuous labeling of the endomysium. Similarly to the α5 chain, it was absent within the tendon (data not shown).

2.3. COL6A1 homozygous null mutations affect the deposition of the collagen VI α6 chain in the extracellular matrix of skeletal muscle of an UCMD patient {#s0030}
---------------------------------------------------------------------------------------------------------------------------------------------------------

To assess if *COL6A1* mutations affect the deposition of the novel α6 chain in the extracellular matrix of human muscle, in accordance with the reported *Col6a1*^*−/−*^ mouse model ([@bb0065]), we studied the muscle biopsy of an UCMD patient carrying a homozygous deletion in exon 22 that causes a frameshift, resulting in a premature stop codon at residues 504--505 in the triple helical domain. At the protein level, this mutation causes a complete absence of the α1 chain both in patient\'s cells and medium of cultured skin fibroblasts (P3 in [@bb0075]) and in muscle biopsy ([@bb0040]), similar to the Col6a1^−/−^ mice phenotype ([@bb0005]).

By immunofluorescence analysis we found that both the α3 and the α6 chains were absent in the extracellular matrix ([Supplementary Fig. 1](#f0005){ref-type="fig"}); we could not determine the effect of the *COL6A1* mutation on the α5 chain deposition since myotendinous junctions were not present in the patient\'s biopsy, as detected by laminin γ1 chain ([Supplementary Fig. 1](#f0005){ref-type="fig"}).

2.4. Collagen VI α5 and α6 chain expression in normal muscle cell cultures {#s0035}
--------------------------------------------------------------------------

We compared the expression and organization of the α5 and α6 chains with that of their homologue, the α3 chain, in a primary normal muscle cell culture under different culture conditions, i.e. grown for 48 h (proliferating) or 7 days (long term), with and without 0.25 mM L-ascorbic acid, and after induction of myogenic differentiation. The α3 chain was detected in the extracellular matrix of both proliferating and long-term samples, however the microfibrillar network appeared better organized and developed in long-term cultures ([Fig. 3](#f0015){ref-type="fig"}a). The α6 and α5 chains were not detectable in proliferating primary muscle cell cultures (not shown). In long-term cultures, slight filamentous, α6-containing deposits were detected in the extracellular matrix ([Fig. 3](#f0015){ref-type="fig"}b), while the α5 chain was completely absent (not shown). The α6 antibody co-localized with α3-positive filamentous structures, however, an α3-based independent network could be also detected ([Fig. 3](#f0015){ref-type="fig"}b). COL6A5 transcripts were undetectable both in proliferating and in long-term cells. Both COL6A3 and COL6A6 transcript levels were increased in long-term cultures compared to proliferating cells (1.7:1 COL6A6 and 2.9:1 COL6A3) ([Fig. 3](#f0015){ref-type="fig"}c). Primary cultures derived from muscle biopsies may contain both interstitial and myogenic cells. To assess which cells produce the α6 chain, long-term muscle cultures were analyzed in the absence of ascorbic acid, to induce intracellular accumulation of under-hydroxylated collagen VI chains ([@bb0045]). In agreement with a previous study which established that interstitial cells, and not myogenic cells, produce collagen VI ([@bb0250]), we found that the α3 chain was absent in myogenic (desmin-positive) cells, while it was accumulated in most of desmin-negative cells. The α6 chain was detected intracellularly only in a subset of desmin-negative cells, and, similarly to the α3 chain, it was absent in myogenic cells. Interestingly, most of the α6 chain-producing cells showed a flattened shape and were positive for α-smooth muscle actin (α-SMA), indicating that they could be myofibroblasts, probably of interstitial origin ([Fig. 3](#f0015){ref-type="fig"}d).

Under differentiating conditions, the α3 chain was present both in the extracellular matrix surrounding myotubes and inside the cytoplasm of desmin-negative cells. The presence of this protein inside the cytoplasm can be ascribed to the absence of ascorbic acid in differentiating medium ([@bb0135]). The α3 chain was not detected inside the cytoplasm of myotubes, confirming that myogenic cells do not produce collagen VI ([@bb0250]). The α6 chain was faintly detected in the extracellular matrix as a poorly developed network. Some desmin-negative cells showed cytoplasmic labeling while the protein was absent within myotubes ([Supplementary Fig. 2](#f0010){ref-type="fig"}). The alpha5 chain was not detectable both in myotubes and desmin-negative cells, similarly to proliferating and long-term cultures (not shown). These data strongly indicate that regulation of both α5 and α6 chains is not affected by myogenic differentiation.

2.5. Trans-differentiation of muscle fibroblasts into myofibroblasts induced by TGFβ1 strongly increases collagen VI α6 chain deposition in the extracellular matrix of normal muscle cultures {#s0040}
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

TGFβ1 is a strong inducer of muscle fibroblasts activation, when applied to primary muscle cell cultures, and of fibroblast differentiation into myofibroblasts, which acquire an α-SMA-positive phenotype. On the contrary, TGFβ1 inhibits myogenic differentiation. To assess the effect of TGFβ1 on the expression of the novel collagen VI chains, normal primary muscle cells were treated for 10 days. As expected, we detected a strong increase in the number of α-SMA positive cells ([Fig. 4](#f0020){ref-type="fig"}a). In contrast, desmin expression was reduced, as well as the number of spontaneously differentiated myotubes (not shown). In these conditions, the amount of α6 chain was increased and the secreted protein deposited in a wide filamentous network in the extracellular matrix ([Fig. 4](#f0020){ref-type="fig"}a). The α6 chain mainly co-localized with the α3 chain, however, a distinct α3 chain containing network could also be detected ([Fig. 4](#f0020){ref-type="fig"}a). Both COL6A3 and COL6A6 transcript levels were markedly reduced in cells after long-term (10 days) TGFβ1 treatment (0.48:1 COL6A3 and 0.16:1 COL6A6). By analyzing mRNA levels at different time points, we detected constantly low transcriptional levels of COL6A6 mRNA starting from 24 hour of treatment. Differently, an initial up-regulation of COL6A3 mRNA at 24--48 hours was followed by a gradual decrease at prolonged TGFβ1 treatment ([Fig. 4](#f0020){ref-type="fig"}b). TGFβ1 treatment did not affect the expression and synthesis of the α5 chain, both at the RNA and protein levels (not shown).

2.6. The collagen VI α6 chain, but not the α5 chain, is up-regulated in dystrophic muscles {#s0045}
------------------------------------------------------------------------------------------

As myofibroblasts play a major role upon fibrosis, we studied the expression of the α6 chain in muscle biopsies of five patients affected by Duchenne Muscular Dystrophy (DMD), a muscular dystrophy characterized by a marked fibrosis which is definitely independent from any mutation in collagen VI genes. Because of scarce availability of tissue, only the DMD815 biopsy was studied by means of immunofluorescence, Western blotting and mRNA analysis. The other DMD patients were studied either by immunofluorescence plus mRNA or by immunofluorescence plus Western blotting analysis.

By immunofluorescence analysis, the α6 chain antibody showed an increased amount of protein in the extracellular matrix of all DMD patients ([Fig. 5](#f0025){ref-type="fig"}a and [Supplementary Fig. 3a](#f0015){ref-type="fig"}). The localization of the α6 chain was interstitial, in fact no labeling was detected at the basement membrane of myofibers and blood vessels, as indicated by double labeling with anti-laminin γ1 antibody ([Fig. 5](#f0025){ref-type="fig"}a). By double staining, the α6 chain labeling correlated with collagen III positive areas, used as a marker of fibrosis. Semiquantitative analysis revealed a strong correlation between the increase of α6 chain and collagen III protein amount ([supplementary Fig. 3b,c](#f0015){ref-type="fig"}). Also the α3 chain was increased in all DMD patients ([Fig. 5](#f0025){ref-type="fig"}b) and matched the degree of fibrosis. Double labeling with antibodies against the α3 and α6 chains showed a partial co-localization, and confirmed the absence of the α6 chain from the basement membranes of vessels and myofibers. At high magnification, undulated/wavy bundles of fibrils of different size containing both the α6 and α3 chains were detected in fibrotic areas ([Fig. 5](#f0025){ref-type="fig"}c), suggesting that the α6 and α3 chains may co-assemble and cooperate in remodeling the extracellular matrix upon fibrosis. Western blot analysis confirmed the increase of α3 and α6 chains in the three DMD patients examined (DMD815, DMD1112, DMD1179). The increased protein levels of α3 and α6 chains matched with a general increase of collagen VI as shown by α1 immuno-blotting ([Fig. 6](#f0030){ref-type="fig"}a). The protein increase matched a relevant increase of COL6A6 transcript level, with a fold change that ranged from 10 to 14 in the three analyzed DMD muscles (DMD815, DMD1 and DMD23, [Fig. 6](#f0030){ref-type="fig"}b). Nevertheless, at the transcriptional level, the increase in COL6A3 mRNA in fibrotic DMD muscles (2--4 fold changes) was significantly lower than the increase in COL6A6 mRNA. In contrast, the α5 chain and the corresponding transcript were not detected (not shown).

3. Discussion {#s0015}
=============

The discovery of two additional collagen VI chains in humans (α5 and α6), which may substitute for the α3 chain, suggests the existence of additional assembly forms of collagen VI ([@bb0055; @bb0065; @bb0070]). So far, the localization and the expression pattern of the novel chains in human skeletal muscle, the tissue most affected by collagen VI deficiency, was mostly unknown, with the exception of their reported presence in commercially available samples such as fetal human skeletal muscle extract and non-specified skeletal muscle tissue derived from a normal adult human tissue panel ([@bb0055]).

Our study aims to define more precisely the expression and distribution of collagen VI α5 and α6 chains in mature human skeletal muscle. In fact we show that in human skeletal muscle, the α5 and α6 chains differ from the homologous α3 chain in a number of aspects, e.g. localization pattern, cellular origin and involvement in ECM remodelling upon muscle fibrosis. To distinguish between the different assembly forms ([@bb0065]), we used antibodies specific for the individual α3, α5 and α6 chains ([@bb0180]).

In normal skeletal muscle sections, the α5 chain was selectively detected at the basement membrane of myotendinous junctions. Our previous studies showed that the α5 chain localizes at junctional sites also in human skin, in particular at the dermal-epidermal junction ([@bb0180]). These data indicate that α5 chain-containing collagen VI microfibrils may have a specific function in specialized tissue areas subjected to tensile stress. Myotendinous junctions are crucial elements in the transmission of mechanical force from the muscle via tendons to the skeletal elements. Several molecules have been identified at this site and mutations in their genes lead to pathologic changes of myotendinous junctions: α7β1 integrin, laminin 2, and the dystrophin glycoprotein complex are pivotal at this site ([@bb0140; @bb0155; @bb0205]). Tenascin, an oligomeric extracellular matrix protein, was one of the first myotendinous junction markers ([@bb0025]). Notably, mutations in tenascin XB gene cause Ehlers--Danlos syndrome ([@bb0255]), with muscle weakness and contractures and secondary deficiency of collagen VI, overlapping with the collagen VI myopathies phenotype ([@bb0210]), and pointing to a possible functional interaction between these myotendinous junction components. Therefore α5 gene mutation screening might result appealing in those cases of Ehlers--Danlos disease which are negative for known mutations.

The α6 chain was less abundant than the homologous α3 chain. Its localization was mainly interstitial where it partially co-localized with the α3 chain. The most relevant difference between the α6 and α3 chain localization was the absence of the α6 chain in the basement membrane of both muscle fibers and vessels, where in contrast the α3 chain was specifically detected. Considering that also the α5 chain is absent at the extrajunctional basement membrane, it is possible that the α3-containing microfibrils represent the specific basement membrane collagen VI form. This hypothesis is supported by recent immunoelectron microscopy studies performed with antibodies specific for the collagen VI α1 α2 α3(VI) heterotrimer, which confirmed basement membrane localization of this collagen VI form in skeletal muscle fibers ([@bb0070]) and endothelial cells ([@bb0080]). It is interesting to note that absence/reduction of collagen VI at the basement membrane of muscle are features of UCMD/BM muscle biopsies obtained from patients carrying mutations in COL6A1, COL6A2 and COL6A3 genes ([@bb0110; @bb0120; @bb0145; @bb0090]). Basement membrane abnormalities have also been detected in muscle fibers of Ullrich congenital muscular dystrophy patients ([@bb0150; @bb0185]) and in blood vessels of Myosclerosis myopathy patients ([@bb0145]). These data point to a pivotal role of α1 α2 α3 collagen VI form in maintaining basement membrane functional integrity.

As it has been shown for cartilage and skin, the expression of the novel chains in muscle also differs between man and mouse ([@bb0055; @bb0070; @bb0180]). Whereas the α5 chain in man is selectively expressed at the myotendinous junction, in mouse the α5 chain is strongly expressed in perimysium and sparsely in epimysium and, in addition, in perineurium of intramuscular peripheral nerves and at the basement membrane of neuromuscular junctions ([@bb0070]). The differences in tissue distribution between man and mouse could be the result of α4 chain gene loss in humans, which leads to a functional re-orientation of the remaining chains. In contrast to this, the expression of the α6 chain is similar in human and mouse skeletal muscle. In agreement with reported studies on the Col6a1 null mice model, the α6 collagen VI chain was not expressed in the skeletal muscle of a UCMD patient carrying an α1 null mutation. This result indicates that in humans, similarly to mice, the α6 chain co-assemble with the α1 chain ([@bb0065]).

To define the organization of novel collagen VI chains in the extracellular matrix we analyzed normal skeletal muscle cultures. Filamentous α6 chain deposits were detectable in the extracellular matrix only in long term cultures where α6 chain-containing networks were less abundant and organized than those containing the α3 chain. A co-localization was observed, indicating that secreted α3 and α6 chains may co-assemble and form a common network, while the presence of a distinct α3-based network confirmed the immunohistochemical pattern observed in tissue sections.

The α5 chain was absent both at the protein and the mRNA level in proliferating and long term cultures. This is possibly due to the origin of the culture, in fact the muscle fragment we used to establish primary cultures did not include myotendinous junctions. On the other hand, the absence of the α5 chain demonstrates that it is dispensable for cell-substrate adhesion under normal conditions and might underscore a specificity of this chain for junctional structures.

We determined which cells synthesize α6 chain in a primary muscle culture, as this contains both myogenic (desmin-positive) and interstitial (desmin-negative) cells. Collagen VI-producing cells could be identified by omitting ascorbic acid treatment ([@bb0160; @bb0045]), as they in this conditions display an intracellular staining with antibodies against collagen VI. The α3 chain was accumulated in desmin-negative cells only, confirming that it is produced by interstitial but not by myogenic cells ([@bb0250]). The α6 chain was also absent in desmin-positive cells, but, in contrast to the α3 chain, the α6 chain was detected intracellularly only in a subset of desmin-negative cells which resulted to be α-SMA positive, likely myofibroblasts of interstitial origin.

As TGFβ1 treatment induces transdifferentiation of interstitial muscle fibroblasts to a myofibroblast phenotype ([@bb0230]), we evaluated its effect on α5 and α6 chain expression and deposition in extracellular matrix. A striking increase in the number of α-SMA-positive cells was observed after 10 days treatment, indicating that the treatment induced transdifferentiation. In addition, TGFβ1 treatment induced a marked increase of the α6 chain-containing filamentous network in the ECM, which only partially overlapped with labeling for α3 chains. In contrast, α5 chain expression remained undetectable, even after TGFβ1 treatment. As expected, and in contrast with the α6 chain increase, desmin expression was reduced, as well as the number of spontaneously differentiated myotubes.

Time course Real Time-PCR experiments showed down-regulation of COL6A6 mRNA levels, starting from 24 h of TGFβ1 treatment, indicating that in the cell culture model, despite a very early induction occurred, the increased protein amounts cannot be ascribed to a direct effect of TGFβ1 on COL6A6 transcription.

Previous studies reported that in vitro treatment with TGF-β1 induces the expression of several collagen VI interacting proteins, as collagens I and IV ([@bb0050]), biglycan ([@bb0200]), as well as fibronectin and integrins ([@bb0170; @bb0100]). It is possible that TGF-β1 treatment improves the efficiency of the extracellular binding/assembly of the α6 chain by induction of collagen VI related-proteins, resulting in an increased deposition in the extracellular matrix.

Our results indicate that myofibroblasts are the main α6 chain producing cells and that TGF-β1 treatment enhances α6 chain secretion, pointing to a possible involvement of the α6 chain in fibrosis ([@bb0225]). Fibrosis is a conspicuous pathological change in dystrophic muscles. It is characterized by excessive accumulation of collagens and other ECM components including collagen VI. For this reason we evaluated the expression of α5 and α6 chains in muscle biopsies of three DMD patients with different degrees of fibrosis. We found that collagen VI was generally increased in fibrotic muscle and, in particular, the α6 chain was strongly up-regulated in DMD muscle at protein level, as shown by Western blot, real time PCR and immuno-histochemical analysis. The increase of the α6 chain was particularly evident in fibrotic areas and maintained an interstitial localization at the endomysium, since no colocalization with basement membrane markers was detected.

On the basis of their high homology with the α3 chain, the collagen VI α5 and α6 chains are likely to interact with α1 and α2 chains, in agreement with previous studies on Col6a1 knockout mice ([@bb0065; @bb0070]) and on human skin ([@bb0180]). This may give rise to homologous heterotrimers, which appear to function differently, most probably with regard to tissue adhesion. Specifically, in human skeletal muscle we hypothesize that the α3-containing collagen VI is involved in basement membranes adhesion to the interstitial extracellular matrix; the α5-containing collagen VI is involved in junctional adhesion at myotendinous junctions and dermal-epidermal junctions, and the α6-containing collagen VI has a role in adhesion to endomysium and in the development of fibrosis, in association with fibrillar collagen. Future studies will concern the role of the novel collagen VI chains in human disease. Moreover, since our data suggest specific roles in specialized ECM structures for α5 and α6 chains, being the α5 related to tensile stress and the α6 implicated in ECM fibrotic remodelling, they might respectively represent new biomarkers for monitoring these stressing events.

4. Experimental procedures {#s0050}
==========================

4.1. Preparation of antibodies against the new collagen VI chains {#s0055}
-----------------------------------------------------------------

The purified recombinant collagen VI fragments were used to immunize rabbits and guinea pigs. The antisera obtained were purified by affinity chromatography on a column with antigen coupled to CNBr-activated Sepharose (GE Healthcare). The specific antibodies were eluted with 0.1 M glycine, pH 2.5, and the eluate was neutralized with 1 M Tris--HCl, pH 8.8 ([@bb0180]).

4.2. Patients {#s0060}
-------------

All subjects studied granted informed consent. Skeletal muscle biopsies of one soleus at the insertion with Achille\'s tendon and two tibialis anterior from healthy subjects, tibialis anterior from five DMD patients and gastrocnemius from one UCMD patient were frozen in isopentane pre-chilled in liquid nitrogen and stored in liquid nitrogen. All patients ([Table 1](#t0005){ref-type="table"}) were previously diagnosed by genetic and immunohistochemical analysis.

4.3. Immunofluorescence analysis {#s0065}
--------------------------------

Frozen sections (7 μm-thick) from muscles of healthy donors and of five DMD (DMD1, DMD815, DMD23, DMD1112 and DMD1179) and one UCMD patients (see [Table 1](#t0005){ref-type="table"}) were incubated with the affinity purified rabbit polyclonal antibody against the collagen VI α5 chain (diluted in PBS 1/40). For the immunofluorescence analysis of the collagen α6 chain, frozen sections from healthy donors and patients were fixed with 2% paraformaldehyde in phosphate buffered saline (PBS), washed in PBS and permeabilized with 0.15% Triton X100, saturated with 5% normal goat serum (Sigma) and incubated with the rabbit or guinea pig antibody against the α6 chain diluted 1/40. All sections were developed with anti-rabbit or anti-guinea pig TRITC or FITC-conjugated IgG (DAKO) and double labeled with mouse monoclonal antibodies against the laminin γ1, laminin α2 chain, collagen type III (Chemicon), or with anti-pp125 FAK antibody (Santa Cruz) and revealed with anti-mouse or anti-rabbit FITC or TRITC-conjugated secondary antibodies (DAKO). An antibody against the collagen VI α1α2α3 chains (Fitzgerald) was used on sections of the UCMD patient to assess the expression of collagen VI. Samples were mounted with an anti-fading reagent (Molecular Probes) and observed with a Nikon epifluorescence microscope. Nuclei were counterstained with DAPI.

The proliferation of connective tissue in DMD muscle biopsies was evaluated by immunofluorescence analysis of collagen type III ([@bb0095]) and compared with the normal muscle biopsy. Double labeling with anti-α6 chain antibody was performed in order to evaluate whether collagen III-positive areas correlated with the alpha6 chain labeling. Five different fields for each biopsy were taken with a fixed exposure time by the NIS-Elements AR (Nikon) imaging program using the multi-channel acquisition function. All images, which included both signals for the collagen VI α6 chain and for collagen III, were captured using an high-resolution CCD camera (Nikon). Semi-quantitative analysis was performed by a software developed in cooperation with Nikon Italy (NIS-Elements 3.0 AR imaging program, Nikon). The fluorescent areas were evaluated by the area fraction function, and the mean values were calculated. For graphic representation, area fraction mean values were expressed as percentage. Data were analyzed using the Mann--Whitney test and the significance was calculated versus normal muscle.

4.4. Muscle cultures {#s0070}
--------------------

Primary muscle cells derived from tibialis anterior of a normal subject were established as described ([@bb0020]) and maintained in D-MEM plus 20% fetal calf serum ([@bb0165]). For immunofluorescence analysis of the collagen VI α5 and α6 chains muscle cells were grown onto coverslips for 48 hrs or 7 days, with and without 0.25 mM [l]{.smallcaps}-ascorbic acid. When needed, cells were treated with 10 ng/ml TGF-β1 (Sigma). Differentiation to myotubes was induced by incubating subconfluent cells for 7 days with D − MEM plus 10% fetal calf serum ([@bb0135]). Samples were fixed with cold methanol, washed with PBS and incubated with rabbit or guinea pig antibodies against the α5, α6 or α3 chains. Double labeling was performed with mouse monoclonal anti-desmin (Novocastra) or anti-alpha-SMA (SIGMA) antibodies. Nuclei were counterstained with DAPI

4.5. Quantification of COL6A5 and COL6A6 transcripts by real-time PCR {#s0075}
---------------------------------------------------------------------

Total RNA was isolated from muscle sections of normal tibialis or tibialis from patients DMD815, DMD1 and DMD23 or from cell cultures by using RNeasy Kit (QIAGEN, Chatsworth, CA) and reverse transcribed by using High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). In order to quantify the steady state level of *COL6A5* and *COL6A6* transcripts, commercially available TaqMan expression assays (Applied Biosystems) were used for target genes (*COL6A3*: Hs00915102_m1 Ex 23--24; *COL6A5 (COL29A1)*: Hs00542046_m1 exons 35--36; *COL6A6*: Hs01029204_m1 exons 12--13) and for β actin and GAPDH as housekeeping reference genes (ACTB Endogenous Control- GAPDH endogenous control). Real-time PCR was performed in triplicate on the Applied Biosystems Prism 7900HT system, using 10 ng of cDNA and default parameters. Evaluation of COL6A3 and *COL6A6* transcripts levels was performed by the comparative CT method (ΔΔCT Method; Applied Biosystems User Bullettin \#2). cDNAs from control muscle sections or untreated cells were utilized as calibrators.

4.6. Western blot analysis {#s0080}
--------------------------

Frozen sections (20 μm) were prepared from skeletal muscles biopsies of two healthy donors and patients DMD815, DMD1112 and DMD1179. The sections were extracted by incubation for 10 min at 70 °C in a lysis solution containing 50 mM Tris--HCl, pH 7.5, 150 mM NaCl, 10 mM MgCl2, 2% SDS, 1% Triton X-100, 0.5 mM dithiothreitol, 1 mM ethylenediaminetetraacetic acid, 10% glycerol and protease inhibitors. For each sample, the total protein content was determinate using "BCA Protein Assay Kit" (Pierce). Samples were reduced with 5% β-mercaptoethanol and separated by SDS-PAGE on 3-8% (w/v) gradient polyacrylamide gels. Collagen VI α3 and α6 chains were detected using the affinity-purified antibodies developed in rabbit ([@bb0180]). Collagen VI α1 chain was detected using a specific collagen VI α1 antibody (H-200, Santa Cruz Biotechnologies). As a loading control, actin was used (Sigma). Secondary antibodies conjugated with horseradish peroxidase were employed (GE Healthcare) and bands detected by chemiluminescence (SuperSignal West Pico, Pierce).

The following are the supplementary materials related to this article.Supplemental Fig. 1Immunofluorescence analysis of the laminin γ1 chain (left panel), collagen VI α1α2α3 chains (middle panel) and the collagen VI α6 chain (right panel) on muscle sections of tibialis anterior of an UCMD patient with a mutation in *COL6A1* gene, showing complete absence of collagen VI chains in muscle and in capillary vessels, which in contrast display a normal laminin γ1 labeling. Bar, 20 μm.Supplemental Fig. 2Immunofluorescence analysis of collagen VI α3 (left panels, red) and α6 chains (right panels, red) in normal muscle cultures after 7 days of myogenic differentiation. Double labeling with a desmin antibody (green) shows efficient myogenic differentiation, as indicated by the presence of multinucleated myotubes. The α3 chain (red, left upper and lower panels) is present both in the extracellular matrix surrounding myotubes and inside the cytoplasm of desmin-negative cells. No red labeling can be detected inside differentiated myotubes (left lower panel). The α6 chain is faintly detectable in the extracellular matrix. Some desmin-negative cells showed cytoplasmic labeling (arrows, right lower panel) while the protein was absent within myotubes. Bar, 20 μm. Nuclei were counterstained with DAPI (blue).Supplemental Fig. 3a: Immunofluorescence analysis of muscle sections from DMD1179 and DMD1112 patients with antibody against the collagen VI α6 chain (upper, left panel) shows a marked α6 chain deposition in the endomysium of both dystrophic biopsies. Bar 20 μm. Nuclei were counterstained with DAPI (blue). b: Immunofluorescence analysis of collagen type III in muscle sections from a normal control CTRL2, and the DMD1112, DMD1179 and DMD815 patients. Collagen III, which is indicative of connective tissue proliferation, appears increased in the endomysium and perimysium of all DMD patients with respect to the control CTRL2. Bar 20 μm. c: Graphic representation of semiquantitative analysis of collagen VI α6 chain and collagen III positive areas, showing a strong correlation between the increase of the collagen III and the α6 chain protein amount in DMD patients. \*P \< 0.05.

Supplementary materials related to this article can be found online at [doi:10.1016/j.matbio.2011.12.003](10.1016/j.matbio.2011.12.003).
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![Immunofluorescence analysis of collagen VI α6 and α3 chains in transversal muscle sections of tibialis anterior from a normal subject.\
a: The α6 chain is expressed both in the perimysium and endomysium, with a discontinuous pattern around the muscle fibers. α3 chain immunolabeling is diffuse and homogeneous both in the perimysium and endomysium. Bar, 100 μm. Nuclei were counterstained with DAPI (blue).\
b: α6 chain labeling appears discontinuous in the endomysium (arrows), and a partial co-localization with anti-α3 chain was shown with double labeling. The α3 chain antibody strongly stains basement membranes, as demonstrated by double-labeling for the laminin γ1 chain (yellow fluorescence in merge image); the α6 chain appears expressed in the interstitium between adjacent fibers and absent in basement membrane of both capillary vessels and myofibers. In agreement with an interstitial localization, the α6 chain co-localizes with collagen type III. Bar, 20 μm. Nuclei were counterstained with DAPI (blue).](gr1){#f0005}

![Immunofluorescence analysis of collagen VI α6 in human muscle.\
a: Collagen VI α5 chain localization in transversal sections of tibialis anterior (extra-junctional, left panel) and of soleus at the insertion to the Achille\'s tendon (MTJ, middle and right panels). The α5 chain (green) is absent in the interstitium of tibialis anterior, while it is selectively expressed at the myotendinous junction of soleus (arrows) where it co-localizes with the laminin α2 chain (red), a marker for basement membranes. Bar, 100 μm in left and middle panels, and 20 μm in right upper and lower panels. Nuclei were counterstained with DAPI (blue).\
*b*: Double labeling with anti-α5 chain (green) and anti-pFAK (red) antibodies, of a section of soleus at the insertion to the Achille\'s tendon, reveals that the α5 chain is expressed at the extracellular side of myotendinous junctions, where pFAK labeling is concentrated. The merged image shows a clear correspondence of the two labeling patterns. Bar, 20 μm. Nuclei were counterstained with DAPI (blue).](gr2){#f0010}

![Immunofluorescence analysis of collagen VI α3 and α 6 chains in normal muscle cultures.\
a: The collagen VI α3 chain (red fluorescence) is detected in the extracellular matrix of both proliferating and long-term (after ascorbic acid treatment for 7 days post-confluence) samples, however the arrangement of the collagen VI network appears better organized in long term cultures. Bar, 100 μm. Nuclei were counterstained with DAPI (blue).\
b: Collagen VI α6 chain (red fluorescence) deposits are detectable in the extracellular matrix of muscle cultures after ascorbic acid treatment for 7 days post-confluence. α6-containing structures (arrows, left upper panel) show a filamentous arrangement, as detected at higher magnification (right upper panel). Lower panels show double labeling with antibodies against the anti-α6 (red fluorescence) and α3 (green fluorescence) chains. Filamentous α6 chain-containing structures (red) co-localize with α3 chain-containing positive microfilaments, as revealed by the merged image (lower, right panel), however, an independent α3 chain-containing network (green fluorescence) can be also detected. Bar, 20 μm. Nuclei were counterstained with DAPI (blue).\
c: Real Time-PCR analysis of COL6A3 and COL6A6 transcripts. Reported values are the mean of two different experiments utilizing ACTB and GAPDH as reference transcripts. The relative ratios of*COL6A3/*Actin-GAPDH and *COL6A6*/Actin-GAPDH mRNAs in proliferating cells were normalized to 1. Both COL6A3 and COL6A6 transcript levels were increased in long-term cells (1.7:1 for COL6A6 and 2.9:1 for COL6A3).\
d: Immunofluorescence analysis of collagen VI α3 and α6 chains in long-term normal muscle cell cultures in the absence of ascorbic acid treatment. Samples were double-labeled for desmin (upper panels, green fluorescence) and for α-smooth muscle actin (α-SMA; lower panels, green fluorescence). The collagen VI α3 chain (red fluorescence, left, upper panel) appears to be absent in desmin-positive cells and accumulates in desmin-negative cells, indicating that the fibroblasts are the main source of α3 chain. Similarly, the α6 chain (red, right, upper panel) is absent in desmin-positive, but different from the α3 chain, it is detected intracellularly only in a subset of desmin-negative cells. Cell producing collagen VI α6 chain (red) are positive for α-smooth muscle actin (green, right, lower panel), indicating that they could be myofibroblasts. Bar, 20 μm. Nuclei were counterstained with DAPI (blue).](gr3){#f0015}

![Immunofluorescence and Real Time-PCR analysis of α6 chain in normal muscle cultures after TGFβ1 treatment.\
a: After 10 days TGFβ1 treatment most of interstitial cells express α-SMA (left upper panel, green fluorescence) indicating trans-differentiation into a myofibroblasts-like phenotype. In the absence of ascorbic acid (right upper panel) most of α-SMA expressing cells accumulated the collagen VI α6 chain (red) intracellularly. After ascorbic acid treatment (left and right middle panels), the α6 chain (red) was abundantly secreted and arranged in a wide filamentous network in the extracellular matrix. Left and right lower panels show double labeling with antibodies against the α6 and α3 chains on samples treated with TGFβ1 for 10 days in presence of ascorbic acid. The α6 chain (red fluorescence) mainly co-localizes with the α3 chain (green) labeling. However, a distinct α3−containing network can also be detected (green fluorescence). Bar, 20 μm . Nuclei were counterstained with DAPI (blue).\
*b*: Real Time-PCR analysis. Reported values are the mean of two different experiments utilizing ACTB and GAPDH as reference transcripts The relative ratios of *COL6A3*/Actin-GAPDH and *COL6A6*/Actin-GAPDH mRNAs in untreated cells were normalized to 1. COL6A3 and COL6A6 transcript levels are strongly reduced in cells after long-term (10 days) TGFβ1 treatment (0.48:1 for COL6A3 and 0.16:1 for COL6A6). Analysis of mRNA levels at different time points revealed constantly low transcriptional levels of COL6A6 mRNA starting from 24 hour of treatment. In contrast, an initial slight up-regulation of COL6A3 mRNA at 24--48 hours, was followed by a gradual decrease after prolonged TGFβ1 treatment.](gr4){#f0020}

![Immunofluorescence analysis of α6 chain in DMD patients muscle biopsies.\
a: Immunofluorescence analysis of the collagen VI α6 chain (red) and the laminin γ1 chain (green) in muscle sections of three patients affected by Duchenne muscular dystrophy (DMD815, DMD1, DMD23). α6 chain labeling appears increased in the endomysium and perimysium, with its increase correlating with the degree of fibrosis. The α6 chain localization is strictly interstitial, as demonstrated by absence of co-localization with the laminin γ1 chain (right panels, green fluorescence),a marker for basal lamina. Bar, 100 μm.\
b: Immunofluorescence analysis of the collagen VI α3 chain in DMD815 muscle sections revealed a marked increase in fibrotic ares (red fluorescence, left panel). Double labeling with antibodies against --the laminin γ1 chain (green) reveals the presence of α3 chain at the basal lamina of muscle fibers (yellow fluorescence in merge image, right panel).\
c: High magnification of a muscle section from patient DMD815 double labeled with antibodies against collagen VI α6 (red fluorescence) and -α3 (green fluorescence) chains showing the presence of undulated/wavy bundles of fibrils of different size containing both the α6 and α3 chains. In the basement membrane of a muscle fiber, only the α3 chain is found (arrows). Bar, 20 μm. Nuclei were counterstained with DAPI (blue).](gr5){#f0025}

![Western blot and RT-PCR analysis of collagen VI chains in muscle biopsies of DMD patients.\
a: Western blot analysis of skeletal muscles extracts from a healthy control (CTRL1,2) and from DMD815, DMD1112 and DMD1179 patients. Proteins were separated by SDS-PAGE under reducing conditions and detected with polyclonal antibodies specific for the collagen VI α6 and α3 and α1 chains; actin was used as loading control.\
b: Real Time-PCR analysis of COL6A6 transcripts in DMD skeletal muscle biopsies. Reported values are the mean of two different experiments utilizing ACTB and GAPDH as reference transcripts. The relative ratios of *COL6A3*/Actin-GAPDH and *COL6A6*/Actin-GAPDH mRNAs in control muscle were normalized to 1. The increased amount of collagen VI α3 and α6 chains in DMD muscles matched with an increase of the corresponding mRNAs. The COL6A6 transcript level showed a fold change that ranged from 10 to 14 in the three analyzed samples whereas the variation in the COL6A3 mRNA level was lower (2--4 fold change).](gr6){#f0030}

###### 

Table of muscle biopsies.

  Patient    Age of biopsy (years_months)   Sex      Disease status                                Muscle type     Mutation
  ---------- ------------------------------ -------- --------------------------------------------- --------------- ----------------------------------
  DMD1       4.7                            Male     Slow in running                               Tibialis        del 51
  DMD815     10.2                           Male     Unable to climb stairs                        Tibialis        splicing in 25c_3641-1G\>A
  DMD23      9.1                            Male     Difficulty with stairs                        Tibialis        del45-52
  DMD1112    0.9                            Male     Delayed motor milestones                      Tibialis        c_5551C\>T
  DMD1179    11                             Male     Unable to climb stairs                        Tibialis        del 1M-2
  UCMD       1.5                            Male     Sitter, diffuse muscle wasting and weakness   Gastrocnemius   COL6A1 IG del 1456nt ([@bb0075])
  CTRL2      10                             Male     Healthy donor                                 Tibialis        
  CTRL1120   9                              Female   Healthy donor                                 Tibialis        
  CTRL8      35                             Male     Healthy donor                                 Tibialis        

[^1]: These authors contributed equally.
